DLC coatings are currently used in a wide variety of industrial fields because of their outstanding properties such as high hardness, high wear resistance, low friction and so on under oil lubrication as well as no lubrication. In order to evaluate the tribological performance of DLC coatings under water lubrication, eight types of DLC coatings were evaluated by water-lubricated sliding tests at sliding velocities of 0.02 m/s and 0.1 m/s. The different DLC coating types comprised both hydrogenated and hydrogen-free DLC films that were deposited using different techniques: amorphous hydrogenated DLC (a-C:H), that doped with tungsten (a-C:H:W), that doped with silicon (a-C:H:Si) and hydrogen-free DLC (ta-C). DLC coatings showed low friction coefficient and excellent wear resistance. Friction coefficient and wear rate decreased with increasing sliding velocity. The effect of surface wettability and mechanical properties on tribological characteristics was investigated. Friction coefficient decreased as the contact angle increased. Hydrogen-free DLC coating with the highest hardness showed the highest friction and a larger wear rate. Furthermore, DLC coatings deposited with interlayer showed longer lifetimes.
Introduction
Water lubrication system is a candidate of a substitution for conventional oil lubrication systems to resolve the environment pollution of oil lubricant. The conventional use of oil lubrication systems in equipment has some disadvantages of environmental damage from leakage, risk of fire, and environmental load. While water lubrica-tion systems could eliminate these disadvantages, they have tribological problems such as high friction and wear due to the low lubricating propertiy [1] - [3] . Furthermore, the corrosion induced by water would restrict the application of metallic materials in the water lubrication systems. In addition, in the food industry, it is important to avoid contamination of foodstuffs with lubricating oil. From the viewpoint of environmental protection, it is desirable to use water without additives, such as corrosion inhibitors, lubricating additives, and so on. An alternative approach is to take advantage of the metallic materials modified with depositing hard coatings with good lubricity in water environment [4] .
DLC coatings are well known to possess self-lubricating property even without lubrication [5] [6] . DLC coatings have high hardness, low friction performance and high wear resistance in unlubricating conditions [7] - [9] . Recently, it has been shown that DLC coatings also have good lubricity with water lubrication [10] - [14] . DLC coatings can be a good candidate for a tribological coating for water lubrication. DLC coatings cover a wide range of films with different compositions and structures, and the basic properties of DLC films with respect to their sp 2 , sp 3 and H contents [5] . Such a wide range of film structures and compositions and the diversity of methods available for the production of DLC films are not possible with other types of hard coatings [8] [15] . The aim of this paper was to understand the tribological behavior of DLC coatings under water lubrication, and to evaluate the suitable DLC coatings under water lubrication. Amorphous hydrogenated DLC (a-C:H), tungsten contained DLC (a-C:H:W), silicon contained DLC (a-C:H:Si), and the hydrogen free DLC (ta-C) were deposited by several deposition methods. The sliding tests were carried out under mean pressure p 0 = 10 MPa and two kinds of sliding velocities with a ring-on-disk apparatus under water lubrication. It is known that the mechanical properties of the DLC coatings are an important factor of the tribological properties [16] [17] . However, the mechanical properties of the DLC coatings varied even deposited by the same process. In this study, the hardness and Young's modulus of DLC coatings were measured. The wettability of DLC coatings was also investigated. The relations with the tribological behavior of DLC coatings were evaluated. Figure 1 showed the shapes and dimensions of test disk and ring. The test disk and ring were made of martensitic stainless steel (JIS SUS440C). The diameter and the thickness of disk were 40 mm and 10 mm, respectively. The inside diameter and the outside diameter of ring were 20 mm and 25.5 mm, respectively. The height of the ring was 15 mm. The specimens were finished by grinding after quenching and tempering, and the surface roughness was approximately 0.01 μm Ra. The Vickers hardness was around HV670.
Experimental

Specimen
DLC Coatings
DLC coatings were deposited on the ring and disk surfaces by physical vapor deposition (PVD), plasma chemical vapor deposition (CVD), or cathode arc ion plating. The coating specifications were summarized in Table 1 . DLC-1 and DLC-2 were hydrogenated amorphous carbon coatings (a-C:H) deposited by PVD with a CrN interlayer in order to improve adhesion. DLC-2 was doped with some tungsten (a-C:H:W). DLC-3 was a hydrogenated amorphous carbon coating (a-C:H) deposited by PVD. DLC-4 was a hydrogenated amorphous carbon coating (a-C:H) deposited by multiple methods of PVD and CVD, and doped with some silicon (a-C:H:Si). DLC-5, DLC-6 and DLC-7 were a hydrogenated amorphous carbon coating (a-C:H) deposited by plasma CVD. DLC-8 was a hydrogen-free tetrahedral amorphous coatings (ta-C) deposited by cathode arc ion plating. Figure 2 showed the Scanning Electron Microscope (SEM) observations of the cross sections of DLC coatings. As shown in Figure 2 , DLC coatings had different film thickness. DLC-1, DLC-3, DLC-4 and DLC-8 had a comparatively thin film thickness of approximately 1 μm. DLC-2 and DLC-5 had a comparatively thick film thickness of approximately 3 μm. DLC-6 and DLC-7 had the thicker film thick of 9.9 μm and 15 μm. The surface roughness of the DLC coatings was equivalent to that of substrates. Therefore, the influence of surface roughness on friction and wear could be negligible.
Sliding Test
Friction and wear properties were evaluated using a ring-on-disk type tribometer. The tests were performed at room temperature under water lubrication. In order to keep the water temperature constant the water was circulated at a rate of 200 mL/min. The ring specimen was installed on rotating shaft and the ring was installed on the loading shaft. The surface pressure was 10 MPa, the sliding velocities Vs were 0.02 m/s and 0.1 m/s. Total sliding distance in each experiment was set to 10,000 m except when DLC coating was delaminated. In order to observe the variation of surface characteristic during sliding test, the test was intermediated at an interval of 2500 m and measured the surface characteristics. The friction coefficient was calculated with the measured friction force and normal force. The wear masses of both disk and ring were measured using the electronic balance with a minimum measurement of 10 −4 g. Before and after each sliding test, the ring and the disk were ultrasonic cleaned in an acetone for one hour, then dried in the vacuum chamber for one hour to remove contaminants.
Experimental Results and Discussion
Friction
DLC coatings have low friction performance and high wear resistance in unlubricated and in dry atmospheres [9] [12], which has been widely reported by several authors. DLC coatings will be shown good tribological properties under water lubrication, because of DLC coatings are known to possess self-lubricating property even without lubricant. Figure 3 showed the relation between steady-state friction coefficient μ and sliding distance L of eight kinds of DLC coatings with sliding velocities of 0.02 m/s and 0.1 m/s under water lubrication. The friction coefficients at the same sliding distance were averaged and are displayed in the figure along with an error bar that shows the maximum and minimum friction coefficient during the measurements. In order to compared with DLC coatings, the sliding test was carried out for the substrate material SUS440C and the result of friction coefficient, generally about µ = 0.55. As shown in As above was remarked, DLC coatings showed a strong dependency on the sliding velocity. Figure 4 showed the average of friction coefficients in sliding velocity of 0.02 m/s and 0.1 m/s. DLC coatings showed an obviously lower friction coefficient in sliding velocity of 0.1 m/s than that of 0.02 m/s, although it was not seen with the DLC-6. DLC-1 and DLC-8 which had the higher friction coefficients in sliding velocity of 0.02 m/s showed obviously decreasing friction coefficients in sliding velocity of 0.1 m/s. On the other hand, DLC-6 and DLC-7 which had the lower friction coefficients in sliding velocity of 0.02 m/s did not show a clear decreasing in the higher velocity. It could be suggested that DLC-6 and DLC-7 had an excellent self-lubrication performance, and the effect of sliding velocity on the friction was not obvious under water lubrication. All the DLC coatings showed the same tendency that wear rates decreased in increasing sliding velocity from 0.02 m/s to 0.1 m/s, and the tendency was rather obviously except for DLC-6. From the result of the test it could be suggested that the higher sliding velocity the better wear behavior of DLC coatings under water lubrication. For the mechanism, the high applied velocity enhanced the graphitization process and therefore also influenced the friction behavior. The higher sliding velocity increased the contact frequency and the rate of temperature rise that facilitated the release hydrogen atoms from the sp 3 structure [18] [19] . However, because of the difficulty in measuring the thickness of lubricant films and observing wear particles between friction surface of ring and disk specimens, investigating the cause of the increase in the number of surface asperities slid under a water friction condition with a decrease in sliding velocity is problematic. Further investigation is necessary to identify the reason for this. Figure 6 showed the profile curve and the surface photos of each DLC coatings at the end of testing in sliding velocity of 0.02 m/s, the contact of disk wear part indicated in red. As shown in the micrographs, DLC-1, DLC-4 and DLC-8 showed a good wear resistant, they were not discovered damage and endurance were reached to L = 10,000 m with a long lifetime, although DLC-8 had a deeper track was observed in the profile curve. The others coatings not showed a good wear resistant, because the damage and flaking were occurred. DLC-2 showed a little flaking was observed from the micrograph and profile curve when sliding distance L = 7500 -10,000 m. DLC-3 and DLC-5 were worn through, due to the high wear rate which is depicted in Figure 6 (c) and Figure 6 (e). Because the deep of damage was exceeded the film thickness, the films were completely removed. DLC-3 showed the shortest lifetime because the film endurance in the tests was L = 5000 m. DLC-6 and DLC-7 showed an obviously damage were depicted in Figure 6 (f) and Figure 6(g) , that may be due to the flaking which were judged from the profile curve. The deep of damages were approximate equal to the film thickness, the films were gradually removed. DLC-6 had a shorter lifetime because the film endurance in the tests was L = 7500 m. In the sliding velocity of 0.1 m/s showed the same tendency wear behavior of each DLC coatings. 
Wear
Wettability
The importance of wetting is becoming increasingly obvious and its control is inevitable in many engineering applications, including tribology and interface nanotechnology [20] [21]. However, these parameters were typically neglected in tribological studies. Especially the water lubrication, due to the low viscosity of water, the water lubrication films thickness is very thin, the wettability are very important for DLC coatings under water lubrication. In this study, we investigated the effect ofwettability on friction coefficient and wear rate of DLC coatings under water lubrication. The parameter which characterizes the surfaces that we deemed essential is the surface wettability, measured by the contact angle θ [22] [23] . Figure 7 shows the contact angle of DLC coat- ings. DLC coatings showed basically hydrophobic, because of the contact angle of the eight kinds of DLC films range was from 66˚ to 75˚. DLC-1 and DLC-2 whose coatings were deposited with PVD had a lower contact angle of 66˚ and 67˚, DLC-3 deposited with PVD had a contact angle of 70˚. DLC-4 deposited by multiple PVD and CVD had a higher contact angle of 74˚. DLC-5, DLC-6 and DLC-7 whose coatings were deposited with CVD had higher contact angle of 74˚, 75˚ and 76˚. Hydrogen-free DLC-8 had a low contact angle of 68˚. Figure 8 shows the relation between friction coefficient and contact angle in the sliding velocities of 0.02 m/s and 0.1 m/s. In Figure 8 (a) DLC-1, DLC-2, and DLC-3 whose coatings were deposited with PVD showed a tendency that with a higher contact angle of DLC coatings had a lower friction coefficient. DLC-4 with a high contact angle showed a lower friction coefficient. DLC-5, DLC-6 and DLC-7 which with higher contact angle showed obvious low friction coefficients, and it was showed a tendency that with a higher contact angle had a lower friction coefficient. DLC-8 with a lower contact angle showed the highest friction coefficient. Therefore, it seems reasonable to conclude that the friction coefficients were decreased with increasing contact angle in sliding velocity of 0.02 m/s. In contrast, DLC coatings showed a similar relation between friction coefficient and contact angle with the sliding velocity of 0.02 m/s, and they was showed a more obvious effect of the contact angle on the friction behavior in the velocity of 0.1 m/s, as shown in Figure 8(b) .
From the result of Figure 8 , it could be concluded that the higher contact angle showed the lower friction coefficient, and the tendency was obvious in the higher velocity. As the mechanism, it was a possibility that produce a lubricant layer of water between the molecules of water and the surfaces of the DLC coatings. It could be to build up a tribofilm that is able to carry the load and separate surfaces. When the contact angle of DLC coating was small, the layer of water which was initially on the disk has been quick taken away [22] . Figure 9 shows the relation between wear and contact angle in sliding velocity of 0.02 m/s and 0.1 m/s. The results showed that the wettability was not an obviously effect on the wear of DLC coatings under water lubrication. DLC coatings were used the homogeneous coupling with the hydrophobic, because of with all these DLC coatings the values of the wear factor are very high in dry condition and with water lubrication [22] . In these DLC coatings the water lubrication is not very effective on the wear.
Hardness
Hardness is one of the most important parameters influencing the tribological behavior, and the hardness of the coating is basically determined by the deposition processes. The DLC coating hardness is presumed to be the main influential factor that dominates wear behavior [10] . However, in this paper, the different kinds of deposition methods were used for DLC coatings. The hardness of DLC coatings had been measured and the effect of the hardness of DLC coatings on friction and wear properties under water lubrication was investigated in this section. The hardness was measured using a nanoindenter. An average of 5 measurements was used to determine the hardness of the DLC coating in order to obtain a good statistical representation. In order to avoid surface and substrate effect, the depth of indentation was set at 100 -200 nm which was lower 10% of the layer thickness [24] - [26] . Figure 10 shows the load-displacement curves of DLC coatings by nanoindenter. The mean values of hardness, modulus and the values of H/E are summarized in Table 2 . The hardness of the PVD-deposited DLC coatings DLC-1, DLC-2, and DLC-3 had a difference of 12.94, 32.11 and 28.87 GPa, respectively. DLC-5, DLC-6 and DLC-7 deposited by CVD had a small hardness of 21.35, 14.53 and 22.57 GPa. Hydrogen-free DLC-8 had the highest hardness of 53.63 GPa. Although DLC coatings showed the different of hardness and modulus, all of DLC coatings showed the similar values of H/E approximately 0.1.
The effect of DLC hardness on friction behavior was shown in Figure 11 . In Figure 11 (a) DLC-1 with the lowest hardness showed a high friction coefficient, and with a high and similar hardness DLC-2 and DLC-3 showed a small and similar friction coefficient. Therefore, DLC-1, DLC-2, and DLC-3 whose coatings were deposited with PVD showed a reduction of friction with increasing hardness. DLC-5, DLC-6 and DLC-7 whose coatings were deposited with PVD also did not showed an obviously depend on hardness, although DLC-5 and DLC-7 showed a decreasing friction coefficient with increasing hardness. Hydrogen-free DLC-8 with the highest hardness showed the highest friction coefficient in sliding velocity of 0.02 m/s. In contrast, DLC coatings showed a small and similar friction coefficient in sliding velocity of 0.1 m/s, as shown in Figure 11(b) . As shown in the results, the effect of hardness on friction coefficient was not obviously both at sliding velocity of 0.02 m/s and 0.1 m/s, and it was more obvious in sliding velocity of 0.1 m/s. Figure 12 shows the relation between hardness and wear rate of DLC coatings under water lubrication. As shown in Figure 12(a) , the specific wear rate tended to increase with increases in the hardness of DLC coatings, although this tendency was not seen with DLC-2. DLC-1, DLC-4 and DLC-6 with a lower hardness showed a lower specific wear rate. DLC-5 and DLC-7 which deposited by CVD with a similar hardness showed a similar and high specific wear rate. Hydrogen-free DLC-8 with the highest hardness showed a high specific wear rate. DLC-2 with a higher hardness showed a lower specific wear rate. In contrast, in Figure 12(b) , there is not a clear relation between the specific wear rate and hardness in the eight kinds of DLC coatings under the sliding velocity of 0.1 m/s. DLC coatings which with the differences of hardness showed a similar and low specific wear rate except for DLC-6. DLC-6 showed the highest specific wear rate than others. As the results, the specific wear rate increased with increasing the hardness of DLC coatings under the sliding velocity of 0.02 m/s. In contrast, the tendency was not obvious in the higher sliding velocity of 0.1 m/s under water lubrication.
Adhesion
The adhesion of films is one of the most important and difficult tasks of surface engineering. It is known that numerous parameters have an influence on coating adhesion including stress in the film, contamination and chemical bonding between the film and the substrate, and the physical properties and roughness of the substrate. The major disadvantage of deposition of DLC coating technical applications is often caused by very high internal compressive stress in these coatings [27] [28] . Thus under water lubrication, due to the low viscosity of water, the water lubrication films thickness is very thin, the tribological performance of DLC coatings maybe proceed in boundary lubrication [29] . It was a very important factor to affect the tribological performance of DLC coatings under water lubrication. In order to improve the adhesion of DLC coatings, DLC-1 and DLC-2 whose coatings were deposited with PVD were deposited with a CrN interlayer. DLC-2 and DLC-4 were doped with some tungsten and some silicon, respectively. DLC-6 and DLC-7 were deposited with a thick film thickness. As the result shown in Figure 6 , DLC-1 and DLC-2 with a CrN interlayer showed a long sliding lifetime L = 10,000 m, and DLC-2 a little flaking was occurred at sliding distance L = 10,000 m. In contrast, DLC-3 deposited with PVD showed the shortest sliding lifetime L = 5000 m. DLC-4 had a long sliding lifetime L = 10,000 m. Hydrogen-free DLC-8 had a long sliding lifetime L = 10,000 m, although it had a mass specific wear rate. DLC-6 and DLC-7 with the thicker film thickness flaking were occurred at when the sliding distance L = 7500 m for DLC-6 and sliding distance L = 10,000 m for DLC-7.
The damaged portion of the flaking were analysed with SEM about the two kinds of DLC coatings which deposited with a CrN interlayer DLC-2 and another without interlayer DLC-6. Figure 13 showed the SEM photograph and XRD line analysis of DLC-2 and DLC-6, respectively. In Figure 13 (a), DLC-2 showed a greater detection intensity of W and C on the non-damaged portion, and a smaller detected intensity of Fe on the flaking damaged portion. It could be suggested that the flaking was occurred from intermediate layer, not yet reach to the substrate. In Figure 13 (b), DLC-6 showed a greater Fe and Cr detected intensity on the flaking damaged portion, and a greater C detected intensity on the non-damaged portion, the flaking was occurred from the interface of the DLC film and substrate was considered. From what had been discussed above, we could concluded that deposited with a CrN interlayer and doped with some silicon of DLC coatings showed excellent adhesion properties. Although Hydrogen-free DLC had good adhesion property, it showed a higher friction coefficient and wear rate than others. On the other hand, DLC deposited by CVD showed an excellent tribological characteristic, although had a short lifetime. A continuous examination of DLC coatings would strengthen the adhesion under water lubrication.
Conclusions
In this study, eight kinds of DLC coatings were evaluated by water-lubricated tribological tests. The main conclusions that can be drawn from the results are the following: 1) DLC coatings showed low friction coefficient and excellent wear resistance under water lubrication. The tribological properties of DLC coatings were strongly affected by the deposition methods. DLC coatings which deposited by PVD and cathode arc ion plating had comparatively high and un-steady friction coefficients. DLC coatings which deposited by CVD had comparatively low and steady friction coefficients. DLC coatings which deposited by PVD and cathode arc ion plating had better wear resistant than those deposited by CVD. Moreover, all DLC coatings showed better tribological properties in the higher sliding velocity.
2) DLC coatings showed a basically hydrophobic characteristic of wettability. DLC coatings which deposited by CVD had a rather high contact angle, while DLC coatings deposited by PVD and cathode arc ion plating had a rather low contact angle. The tendency showed that friction coefficient decreased in increasing contact angle, and it was obvious in the higher velocity.
3) DLC coatings showed a large range of surface hardness. Hydrogen-free DLC coatings deposited by cathodearc ion plating had the highest hardness. DLC coatings which deposited by CVD had a lower hardness thanthose deposited by PVD and cathode arc ion plating. Furthermore, the friction coefficient of DLC coatings deposited by cathode arc ion plating was higher than those deposited by PVD and CVD. The specific wear rates tended to increase with increases in the hardness of DLC coatings.
